Abstract-Underwater gliders adjust buoyancy to generate gliding motion through water columns using a pair of wings. Various types of underwater gliders have been developed and have been tested as efficient long-distance, long-duration ocean sampling platforms. We introduce the Chinese Sea-Wing underwater glider and develop methods to increase its gliding range by optimizing the steady motion parameters to save energy. The methods are based on a model that relates gliding range to steady gliding motion parameters as well as energy consumption. A sensor scheduling strategy accounts for the distributed features of vertical profiles so that the sampling resolution is adjusted to reduce energy consumption of sensing. The effect of the proposed methods to increase gliding range is evaluated on the Sea-Wing glider. The proposed methods may be applicable to other types of underwater gliders.
I. INTRODUCTION

F
IRST conceptualized by Stommel [1] , underwater gliders have been developed worldwide. The Slocum [2] , the Seaglider [3] , and the Spray [4] have already been adopted by oceanographic research and littoral survey missions and proven as efficient long-distance, long-duration ocean sampling platforms. New designs, such as the Deepglider [5] with 6000-m operating depth, the XRay [6] with heavy load capability, and the BOOMERANG [7] disk-type underwater glider for virtual mooring, are being refined. Underwater gliders can be constructed for the cost of only a few days of ship time. They are reusable, and are able to operate for several months while covering thousands of kilometers. The data collected can be transmitted with relatively short delay via satellite communication. These advantages make underwater gliders ideal instruments to increase spatial and temporal density of ocean observations and to enlarge the range of scales that can be resolved [8] . A wide scope of sensors has already been installed on gliders, and glider sensing networks appear to be one of the best approaches to achieve subsurface spatial resolution necessary for ocean research [9] . Several research results have been reported in the literature to increase the operation time and gliding range. Optimal control and path planning improve energy efficiency. The nonlinear dynamic models presented in [10] - [12] provide the basis for motion control. Mahmoudian et al. [13] developed an approximate analytical expression for steady turning motion, which suggest efficient motion control as well as a planning strategy for energy-efficient paths. Galea [14] proposed a solution for optimal paths based on a metric of time and energy consumption without considering vehicle dynamics. Mahmoudian and Woolsey [15] suggested a time-optimal path-planning procedure without considering energy consumption. Rao and Williams [16] proposed a method to determine energy-optimal paths that account for the influence from ocean currents with a simplified energy consumption model. The results reviewed are typically implemented on a commanding computer that communicates with a glider. Energy efficiency has also been achieved via improved designs. The Slocum thermal gliders harvest energy from the natural temperature differences found at different depths of the ocean [2] , resulting in an operation time up to 3-5 years. The low drag shapes of the Seaglider and the XRay significantly improve hydrodynamic performance for energy savings [3] , [6] .
We develop computationally efficient methods to increase the gliding range of underwater gliders constrained by a given battery capacity by optimizing gliding motion parameters and by sensor scheduling. Given a particular design of an underwater glider, our strategies can be implemented in the embedded computing units carried by the glider, hence less computing power is necessary compared to methods based on optimal control and motion planning. Our research applies to the ongoing development activities led by the first author in creating and improving the Sea-Wing underwater glider at the Shenyang Institute of Automation, Chinese Academy of Sciences, Shenyang, China. The Sea-Wing completed the first set of field trials in the South China Sea in 2009. The hydrodynamic coefficients of steady gliding motion and the energy consumption performances are measured using both computational fluid dynamics software and lab-based experiments, providing necessary information for our methods to optimize energy efficiency.
The gliding range is affected by the gliding angle, the gliding depth, the gliding speed of a glider, and energy consumption of various subsystems onboard. We propose a simplified model for the gliding range that integrates the equilibrium gliding motion equations with the energy consumption models of all subsystems of an underwater glider, so that parameter optimization can be performed. The simplicity of the model enables real-time adjustments of the motion parameters during glider operation, which is preferred in practice.
Another effective way to increase the gliding range is by reducing the energy consumption of sensors during operation, which accounts for a significant proportion of the total energy consumption. Since there typically exists coupling between the variables to be measured and depth, we propose a sensor scheduling strategy that dynamically adjusts the sampling resolution based on real-time sensor measurements. This may further increase the gliding range without seriously degrading the quality of measured data.
Both methods developed in this paper are evaluated on the Sea-Wing glider where energy savings are significant. We believe the methods may be applied, with appropriate modifications, to other glider designs. The paper is organized as follows. In Section II, we introduce the Sea-Wing underwater glider and its control mechanisms for gliding motion. In Section III, the gliding range model is established based on the steady gliding motion model and the energy consumption models of subsystems. In Section IV, we investigate typical relationships between ocean environment parameters and depth, and develop the sensor scheduling strategy. In Section V, we introduce the results of the proposed methods evaluated on the Sea-Wing underwater glider.
II. THE SEA-WING UNDERWATER GLIDER
A. System Components and Specifications
The Sea-Wing underwater glider consists of a cylindrical pressure hull to which horizontal wings, vertical fixed rudders, and a trailing antenna are attached (Fig. 1) . The subsystems inside the pressure hull include the buoyancy-regulating device, the pitch-regulating device, the roll-regulating device, the embedded control subsystem, the communication and navigation subsystem, the emergency release subsystem, and the science sensors.
The buoyancy-regulating device changes buoyancy by generating flow of hydraulic oil into or out of an external oil bladder to produce the driving buoyancy force. A high-pressure hydraulic axial piston pump is used to send hydraulic oil from an internal oil bladder to the external oil bladder. Partial vacuum within the pressure hull enables oil to flow out of the external bladder under atmospheric pressure. The quantity of oil transferred is measured by a linear potentiometer attached to the internal oil bladder. The pitch-regulating device controls the pitch angle of underwater glider by moving an internal battery package to change the center of mass. The position of the battery package is measured by a linear potentiometer. The roll-regulating device controls the roll angle by turning the pitch-regulating device around its axis of symmetry that coincides with the longitudinal axis of the glider. The angle of rotation is measured by a rotary potentiometer. The embedded control subsystem, developed based on an advanced RISC machine (ARM) low-power processor, is responsible for mission management, motion control, data sampling, health monitoring, and so on. The communication and navigation subsystem contains iridium satellite communication devices, wireless communication devices, a precision navigation TCM3 attitude sensor, a Global Positioning System (GPS) device, a pressure meter, and obstacle avoidance sonar. A mounting unit located in the middle of the vehicle is designed for installing various sensors. The current version of the Sea-Wing underwater glider has a conductivity-temperature-depth (CTD) sensor mounted. Some specifications of the Sea-Wing underwater glider are summarized in Table I .
B. Gliding Motion Control
The gliding motion control of the Sea-Wing underwater glider can be described by considering a typical diving and surfacing cycle. The cycle starts when the Sea-Wing is in the surface communication phase, where its battery package is moved fully forward and all the hydraulic oil is pumped to the external oil bladder. The trailing antenna is raised above the sea surface; the GPS module and the iridium satellite communication module are powered up. The glider will receive a position fix, the operation commands, and the sampling parameters from the surface control computer through communication channels. The next phase is the diving preparation phase. The pitch angle and driving buoyancy are computed based on the expected motion parameters. Then, the buoyancy-regulating device starts bleeding hydraulic oil from external bladder to internal bladder. When the expected negative buoyancy is achieved, the buoyancy-regulating device is turned off, and the pitch-regulating device adjusts the pitch angle to a desired value for downward gliding. Then, the glider begins the diving phase, during which environmental variables are collected at specified sampling resolution. The glider rolls by a preset roll angle value to adjust its heading when the heading deviates from the expected value during the steady gliding motion. When the glider reaches a depth greater than the preset maximum depth, the buoyancy-regulating device begins to pump hydraulic oil back to the external bladder. This begins the ascending preparation phase. When the glider reaches neutral buoyancy, the buoyancy-regulating device will stop running until the diving speed is reduced to near zero. Then, the buoyancy-regulating device is started again to adjust the glider to the desired positive buoyancy, after the pitch angle is changed to the desired value for ascending. The glider will begin to climb and enter the ascending phase. During the upward gliding, the glider again corrects its heading by rolling. After the glider arrives at the surface, it moves the battery package fully forward and pumps all the hydraulic oil to the external oil bladder, hence enters the surface communication phase again. A full gliding cycle is thus completed. Fig. 2 shows the different phases of the gliding cycle. The embedded control subsystem, the TCM electrical compass, and the pressure meter should keep running during the full gliding cycle, while other devices can be turned on and keep running for a short time during certain phases and then be turned off during other phases. Table II lists the running states of the devices and sensors of the glider at different phases.
III. OPTIMAL STEADY GLIDING MOTION PARAMETERS
A. Steady Gliding Motion Modeling
The motion parameters and their relationships to steady-state gliding of an underwater glider are shown in Fig. 3 . The origin of the body-fixed coordinate system is set at the center of buoyancy, where is the gliding angle, is the angle of attack, is the pitch angle, is the gliding speed, and are the lift and the drag, is the hydrodynamic torque, is the gliding depth, and is the horizontal gliding distance achieved by a gliding cycle. When an underwater glider glides downward, the gliding angle and the pitch angle are defined as negative, and the angle of attack is defined as positive. On the contrary, when the underwater glider glides upward, the gliding angle and the pitch angle are defined as positive, and the angle of attack is defined as negative.
The geometric relationships and force balance relationships of the steady gliding motion can be expressed as
The hydrodynamic drag, lift, and torque are modeled in [10] as (7) (8) (9) where and are coordinates of the center of gravity of the vehicle in the body-fixed coordinate, and are the drag coefficients, and are the lift coefficients, and and are the torque coefficients. We can derive (10) from (4), (5), (7), and (8)when the following inequality condition is satisfied:
The angle of attack can be expressed as a function of the gliding angle from (10) [10] (12)
The gliding speed of an underwater glider can then be expressed from (4) and (8) as follows:
B. The Energy Consumption Models
The energy consumption models establish the relationships among energy consumption of subsystems and steady gliding motion parameters that include the gliding depth , the gliding angle , and the gliding speed . It can be found from Table II that there are significant changes in the status of devices across different phases during the gliding motion, so the energy consumption models are also significantly different at different phases, which will be clarified next.
Because there are no direct relations between the energy consumptions of the communication systems with gliding motion parameters, our energy consumption model will not involve the surface communication phase. It is difficult to model the energy consumption of the roll-regulating device, because its operation time is determined by the complicated environment disturbances to the heading angles, hence the energy consumption of the roll-regulating device is not considered by the model either. Additionally, the TCM and the pressure sensor have the same operation states as the embedded control system, hence their energy consumption is combined. The energy consumption of the obstacle avoidance sonar can be modeled similarly to the energy consumption model of sensors. The obstacle avoidance sonar just operates during the diving phase and consumes very small amount of energy, so its energy consumption can be ignored.
1) The Energy Consumption Model of the Buoyancy-Regulating Device:
It can be found in Table II that the buoyancy-regulating device will be operated twice in a gliding cycle. One operation is performed at the surface during the diving preparation phase, and the other operation is performed at the preset gliding depth during the ascending preparation phase. The energy consumptions for the two operations are different, hence are considered separately.
The required driving buoyancy to achieve a specific gliding speed can be computed from (13) , that is (14) The volume change can be computed according to the driving-buoyancy force as (15) The operational power of the buoyancy-regulating device at the surface is usually a constant, so the energy consumption is (16) where is the flow rate of the buoyancy-regulating device at the surface.
Substituting (14) and (15) to (16), we obtain the energy consumption model of the buoyancy-regulating device at the surface as (17) The power and the flow rate can be premeasured by experiments.
The work done by the buoyancy-regulating device operating at certain depth can be computed as (18) where is the pressure at the depth . Then, the energy consumption of the buoyancy-regulating device at a specific depth can be computed as (19) where is the efficiency at the depth , which can be premeasured by experiments.
Substituting (14), (15) , and (18) to (19), we obtain the energy consumption model of the buoyancy regulating device operating at depth as (20) Consequently, the total energy consumption for the buoyancy-regulating device in a gliding motion cycle can be calculated as (21) 2) The Energy Consumption Model of Pitch-Regulating Device: The pitch-regulating device operates twice in a gliding cycle; each time the same energy is consumed. Here we ignore the effect of hydrodynamic moments on the pitch angle, thus the following relationship holds:
The moving distance of the internal battery package is (23) where is the total mass of the underwater glider and is the mass of the internal battery package. So the energy consumption for the pitch-regulating device operating twice can be computed as (24) where is the speed of battery package, and is the power of the pitch-regulating device operating at the speed . Power and speed can be considered as constants and both of them can be premeasured by experiments.
Substituting (1), (22), and (23) to (24), we obtain the energy consumption model of the pitch-regulating device as (25) 3) The Energy Consumption Model of the Embedded Control System: The embedded control system of an underwater glider is usually kept in running state, and its power depends on the control software. Here we assume that the average power of the embedded control system is a constant during a gliding cycle. The gliding time of a gliding cycle can be computed as (26) Hence, the embedded control system energy consumption model can be defined as (27) where is the average power of the embedded control system, which can be premeasured by experiments.
4) The Energy Consumption Model of Sensors:
To decrease the energy consumption of sensors during gliding motion, underwater gliders usually schedule sensors to operate intermittently. This refers to the case where sensors are turned on when measurements are required and turned off afterwards, as shown in Fig. 4 . Some notations are defined for the th sensor as follows:
is the sampling period, is the running time of the sensor within a sampling period, is the sleep time within a sampling period, and is the averaged power during running time. The running time is usually set as constant based on sensor specifications. Then, the averaged operation power during one period can be calculated as (28) The sampling period , which is defined by the required sampling interval in vertical profiles and the gliding speed, can be computed as (29) The energy consumption of the th sensor can be computed as 
5) Total Energy Consumption Within One Gliding Cycle:
Based on the above discussions, the total energy consumption model for one gliding motion cycle can be computed as (33) where is defined in (12) .
C. The Gliding Range Model
The horizontal distance of a gliding motion cycle can be derived from (2) as (34)
Assuming the battery capacity carried by an underwater gilder is , the gliding range for the underwater gilder should be
where is defined as a characteristic function for an underwater glider, and when function takes the maximum value, the underwater glider will travel the maximum range under a given battery capacity.
We consider a typical scenario for the operation of an underwater glider in ocean environment sampling. The scenario is that we set the constraints on the motion parameters with a specific sampling resolution, and then optimize these motion parameters to maximize function . This scenario can be expressed as the following optimization problem:
(36) where and will be limited by the design of the underwater glider, and should also satisfy inequality (11). For some practical application cases, the expected gliding depth and the gliding speed are preset before beginning a sampling mission, hence the optimization problem can be simplified as s.t.
It has been found from the numerical solutions of function that it is a convex function to the gliding angle in the range of for the Sea-Wing underwater glider. So the optimal gliding angle can be resolved by using the algorithm shown in Table III , and the algorithm is easy to be realized in the onboard embedded control system.
IV. DEPTH-ADAPTIVE SAMPLING STRATEGY
A. Features of Ocean Environment Variables in Vertical Profile
Underwater gliders are rapidly becoming indispensable for oceanography. Many sensing instruments have been carried on underwater gliders over the last five years, which include oxygen sensors, passive acoustic sensors, attenuation sensors, chlorophyll/colored dissolved organic flourometers, turbulence sensors, fish bioacoustic sensors, scattering and backscattering sensor packages, spectral backscatter sensors, radiometer sensors, video imaging components, acoustic Doppler current meters, fast-repetition-rate flourometers, and hyperspectral absorption sensors [17] .
There are different relationships between different ocean environment variables and depth [18] . A common feature is that the temperature and salinity variations are significant when the depth is less than 200 m, and the variations become very slight when the depth is greater than 200 m. Therefore, it is reasonable to sample the environment variables with higher sampling resolution at depths with rapid variations and change to lower sampling resolution at depths with slow variations.
There are also spatial and temporal correlation features for the measured ocean environment variables. Leonard et al. [19] The values of the spatial and temporal decorrelation scales are in kilometers and days, which are greater than the gliding distance and the gliding time of a gliding cycle. So it is feasible to use previous cycle sampling data to estimate the features of the next cycle sampling data.
B. Sensor Scheduling Based on Real-Time Sampling Data
To further decrease the average operational power of sensors onboard of an underwater glider, we consider dynamically adjusting the sampling resolution at different depths based on the distributed features of measured environment variables. Therefore, a function is needed to reflect the distributed features, which will be extracted by using real-time sampled profile data. Makarov et al. [20] proposed a piecewise curve-fitting technique for vertical oceanographic profiles and applied it to approximate the density distribution of seawater. However, to reduce the online computation load of the embedded controller for extracting the distributed features, we use a polynomial function to approximate the relationship function of measured variable with depth in this paper.
We define the following sixth-order polynomial to approximate the relationship functions of measured variables with depth:
(39) Then, we use the least square method to estimate the coefficients of the polynomial function with previously sampled data, before beginning a new gliding cycle. We can obtain the first-order derivative with respect to depth of the relationship function as (40) The first-order derivative shows the variation rate with respect to depth for the measured variable. Larger indicates more dramatic change with respect to depth for the measured variable, where higher sampling resolution should be applied. On the contrary, smaller indicates less variation with respect to depth for the measured variable, where lower sampling resolution should be applied. The dynamic scheduling strategy for the sampling resolution is then designed as if then (41) where and are the maximum and minimum sampling resolution for the th variable, and is an adaptive sampling coefficient for the th variable.
This dynamic scheduling strategy for adaptive sampling may lead to degraded sampled data quality, even miss abrupt environmental changes or intermittent events if not designed properly. The possible adverse impact to sampled data can be mitigated by appropriately selecting the adapting sampling parameters. The maximum sampling resolution should be determined based on spatial feature of observed variables. Larger adaptive sampling coefficient will lead to higher quality sampling data, but larger energy consumption.
V. RESULTS
A Sea-Wing glider is used to evaluate the effect of the proposed optimization method for obtaining gliding motion parameters, and to demonstrate the sensor scheduling strategy. The hydrodynamic coefficients of the steady gliding motion of the Sea-Wing underwater glider and the relevant energy consumption coefficients are identified to support the analysis.
We calculate the hydrodynamic coefficients using the ANSYS CFX software, which is a high-performance, general purpose CFD program that has been applied to solve a wide range of fluid dynamics problems for over 20 years. The calculated hydrodynamic coefficients, including drag coefficients and , lift coefficients and , and torque coefficients and , are listed in Table IV . We also carried out a series of experiments for determining the relevant energy consumption coefficients needed to be premeasured. Some coefficients that are used by analysis are listed in Table V . The efficiency of the buoyancy-regulating device is measured by simulating its actual operation conditions in different operating depth in a lab-based experiment. Fig. 5 shows the schematic used to carry out experiments for measuring the efficiency of the buoyancy-regulating device. During the experiments, we measure the operating current and voltage of motor, the flow rate, and the outlet pressure (which corresponds to the operating depth), thus we can compute the efficiency using these experimental results. Fig. 6 shows the computed results of the efficiency operating in different depth. The results show that the relationship between efficiency and operating depth of the buoyancy-regulating device can be fitted with the following polynomial function:
We have performed other similar experiments for measuring the energy consumption of the buoyancy-regulating device operated in different depth, the pitch angle regulating device, and the embedded control system.
A. Results of Motion Parameters Optimization
Incorporating all the premeasured results obtained by experiments into (36), we set 1 m/s, 100 m 1200 m, and 1 m, 5 m . The optimal gliding parameters are obtained by solving the optimization problem of (36). Figs. 7-9 show the optimal results. Fig. 7 shows the results of the optimal gliding angle for different gliding speed, gliding depth, and sampling resolution. It can be seen from Fig. 7 that the optimal gliding angle will increase with the increasing of the gliding speed and the sampling resolution. On the contrary, the optimal gliding angle will decrease with the increasing of the gliding depth. The impact of the gliding speed to the optimal gliding angle is more significant than that of the gliding depth. It can be seen by comparing the results of Fig. 7(a) with the results of Fig. 7(b) that the optimal gliding angle would decrease if high sampling resolution was applied. The sampling resolution applied to sensors reflects the amount of energy consumed by operating sensors, and higher sampling resolution corresponds to more energy consumption. So if the underwater glider carries additional sensors, which leads to more energy consumption by sensors, then the optimal gliding angle will decrease with the same gliding speed and gliding depth. Fig. 8 shows the results of the maximum gliding range with the optimal gliding angles and the fixed gliding angle (set to 20 ) for the same sampling resolution in depth (set to 1 m). The results in Fig. 8 clearly show that the gliding range will increase with the increasing of the gliding depth, and the main reason underlying the result is that the efficiency of the buoyancy-regulating device increases with the increasing of its operating depth. There is no monotonic relationship between the gliding range and the gliding speed, yet the gliding range is significantly affected by the gliding speed. It can be found from Fig. 8(a) that the maximum gliding range is close to 1500 km when the glider glides with around 0.25-m/s gliding speed and 1200-m gliding depth, but the maximum gliding range will quickly reduce to less than 1000 km if the glider glides with speed less than 0.1 m/s or speed more than 0.55 m/s at the same gliding depth. We also can find from Fig. 8 that the maximum gliding range will be obtained when the glider glides with around 0.2-m/s gliding speed for all gliding depths. Fig. 9 shows the increased percentage comparing the gliding range using the optimal gliding angle with that of using the fixed gliding angle. It is shown in Fig. 9 that the gliding range is significantly increased by using the optimal gliding angle strategy developed in Section III, and the best improvement for the gliding range will be greater than 12%.
B. Results of Sensor Scheduling Strategy
A temperature profile (obtained from the China Argo RealTime Data Center) [21] shown in Fig. 10 is used as the true distribution of the measured variable for validating the sensor scheduling strategy. The change of the temperature profile is significant at depth less than 600 m, and mild for depth greater than 600 m. We set 1200 m, 1 m/s, 1 m, 10 m, and 20 , and we get the results of Figs. 11-13 using the sensor scheduling strategy developed in Section IV. Fig. 11 shows the results of dynamic sampling resolution in depth with different coefficients . It can be clearly seen from Fig. 11 that the sampling resolution decreases when the depth is greater than 600 m; this is because of the small variation of Fig. 9 . The results of increased percentage of the gliding range by using the optimal gliding angle (compared to using the fixed gliding angle). the temperature profile at deeper regions. The sampling resolution will increase with the increasing of the coefficient at the same depth, thus the resolution of the collected data can be efficiently controlled by adjusting . Fig. 12 shows the percentage of energy savings from sensors by using the proposed sensor scheduling strategy compared to that of using fixed 1-m sampling resolution. The energy saving reduces with the increasing of coefficient . Fig. 13 shows the increased gliding range by using the proposed sensor scheduling strategy compared to that of using fixed 1-m sampling resolution. The result shows that the sensor scheduling strategy is effective for the Sea-Wing glider to increase its gliding range. The most significant effect of the sensor scheduling strategy on the gliding range is obtained when the glider glides with around 0.3-m/s speed, and the effectiveness for increasing the gliding range reduces with the increasing of coefficient . Consequently, under the premise of satisfying the quality requirements for the collection data, we should select coefficient as small as possible to increase the gliding range.
VI. DISCUSSION AND CONCLUSION
In this paper, we established an applied mathematical model that relates the gliding range to steady gliding motion parameters and energy consumption. Then, we optimized the steady gliding motion parameters to increase the gliding range. We developed a sensor scheduling strategy to reduce the energy consumption of sensors, which further increases the gliding range.
The experimental study on the Sea-Wing underwater glider validates the effectiveness of the proposed methods. The effect of the proposed method was evaluated on the Sea-Wing glider, and the following conclusions can be drawn.
1) The gliding range model is a typical characteristic function of an underwater glider, which can be used for optimal path planning in the future.
2) The gliding range can be significantly increased by optimizing the steady gliding motion parameters based on the gliding range model. The gliding range will increase with increasing gliding depth under specific battery capacity. The relationship between the gliding range and the gliding speed is not monotonic, and the maximum gliding range will be obtained when the Sea-Wing glider glides with around 0.2-m/s gliding speed for all gliding depth.
3) The optimal gliding angle to maximize the gliding range will change when the gliding depth, the gliding speed, and the sampling resolution of sensors change. The optimal gliding angle will increase with increasing gliding speed and increasing sampling resolution, but will decrease with increasing gliding depth. 4) The gliding range of an underwater glider can be increased by using the proposed sensor scheduling strategy. Under the premise of satisfying the quality requirements for data collection, the gliding range can be maximized by selecting the smallest coefficient . Future works can be performed by improving the energy efficiency in the communication phase. Furthermore, effects of the ocean current may be considered to optimize the range under certain modes of ocean flow. The proposed energy consumption model might be used by trajectory planning algorithms to generate energy-efficient paths for gliders.
